Three quaternary ammonium bromides were investigated as mild steel corrosion inhibitors in 1 M HCl. Two investigation methods were applied: electrochemical impedance spectroscopy (EIS) and polarization resistance (Rp method). The experimental impedance data showed capacitance frequency distribution, which imposed the introduction of a constant phase element, instead of a pure capacitance. Adequate structural models were advanced, to describe the interfacial processes. The models parameters values were determined. The resistance values found by impedance spectroscopy were compared to those of the polarization resistance provided by the Rp method. The inhibition efficiency of the investigated compounds was evaluated by both applied methods. The comparison of the investigated compounds' protective properties outlined the best among them.
Introduction
The industrial practice often uses acidic aqueous media, but the increased corrosion there observed requires the application of specific protection methods, in view of the particular conditions. Corrosion inhibiting protection is one of the methods applied to decrease corrosion losses. Organic compounds are often used as inhibitors [1] [2] [3] in acidic media, but their wide application requires designing additional substances with effective protective properties. This process is based on the correlation between the molecular structure of the organic compounds and their inhibiting properties [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The substances of the quaternary ammonium salts group [18] [19] [20] [21] show good inhibitive properties in acidic media. This determined our interest towards these compounds [22] [23] [24] .
The practice requires reliable data on the inhibiting effect of the studied compounds obtained by different investigation methods, which in turn provide a correct comparison of the inhibitors. The electrochemical impedance spectroscopy method has been finding increased application . It provides information on the interfacial processes which model them as equivalent electric circuits. The present investigation is aimed at the study of the inhibiting properties of three quaternary ammonium bromides, in the case of mild steel corrosion in 1 M HCl ( Table 1 ). The compounds were synthesized to correspond to the above pointed aim, and have so far not been studied. Two electrochemical methods were applied -the alternating current electrochemical impedance spectroscopy method, and the direct current of polarization resistance method (Rp method). 
Experimental
The mild steel used in the present investigation had the following chemical composition (wt %): 0.16 C, 0.35 Mn , 0.01 P, 0.016 Si, 0.029 S, 0.06 Cr, 0.10 Cu, and Fe to reach a balance. All investigated compounds were synthesized accordingly to the study aim. They were purified by re-crystallization from ethanol to analytically purity grade [51] . A 1 M HCl solution was prepared using 37% HCl (pure for analysis) and distilled water. The experiments were carried out using a conventional three-electrode electrochemical cell. The working steel electrodes (WE) had cylinders pressed into Teflon holders with an exposed area of 0.5 cm
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. A saturated calomel electrode (SCE) connected through a salt bridge was used as reference electrode, while a large area platinum leaf served as counter electrode. Before each experiment, the WE was wet abraded with 600 grade emery paper, rinsed with distilled water and an ethanolether mixture, and afterwards immediately inserted into a glass cell containing 250 mL of the electrolyte solution. The impedance measurements began 2 hours after immersing the WE into the static solution [36] . The temperature was maintained at 22±1 ºC. EG&G instruments electronic equipment was used. It included a PAR Model 273
Potentiostat and a 5208 two phase lock-in analyzer connected to an IBM personal computer via GPIB-II interface. Two programmes, M378 and PARCalc M342, were used to collect and evaluate the experimental data. The response of the electrochemical system to an ac excitation, with a frequency ranging from 95 kHz to 0.1 Hz and peak to peak ac amplitude of 5 mV, was followed. The lock-in amplifier technique with 5 points per decade was used for frequencies varying from 5 Hz to 95 kHz. Measurements below 10 Hz were carried out using the fast Fourier transformation (FFT) technique with 8 data cycles. All EIS spectra were recorded at the open-circuit potential (OCP), i.e., at the corrosion potential (Ecorr). One spectrum was usually recorded within 8 min.
Various equivalent circuit models were fitted to the impedance data, using a nonlinear least square fit procedure. The polarization resistance (Rp) measurements were immediately performed after the impedance spectra recording, using the same electrode, without any additional surface treatment. The applied polarization referred to about ± 10 mV vs. Ecorr, at a scan rate of 0.1 mV s -1 . Five independent experiments were carried out for each inhibitor concentration. The mean values and the standard deviations were obtained.
Results and discussion
The impedance spectra (IS) were recorded in the presence of the three investigated compounds (Table 1) , varying their concentration. The upper limit of the concentration range was ruled by the compound solubility, as further increases in concentration (ci) did not result in any essential variation of the corresponding inhibiting effect. A change in the IS shape was observed, depending on the type of the investigated compound and on its concentration. The impedance spectrum presented in the complex plane (or the so called Nyquist plot) contains a single semicircle ( M) concentrations. The same was valid for the whole studied MTB concentration interval. The Bode plot shows the corresponding symmetric change in the phase angle (φ), as a function of the frequency (f) in Hz (Fig. 1b) . This type of impedance spectrum corresponds to a Z transfer function (ω), which is presented by a resistance (R1) connected in parallel to a capacitor (C). An additional resistance (R2) was consequently connected to them, i.e:
where i 1 = − , while ω is the angular frequency in rad. Such a transfer function is used to describe the impedance behavior of homogeneous systems characterized by a single time constant (τ). It is worth noting that the center of the capacitance semicircle lies under the abscissa (Fig. 1a ). This depression is described by a frequency distributed parameter such as CPE (constant phase element), which substitutes the pure capacitance (C). The impedance of such an element is described [26, 27, 38, 50] by:
where A is a coefficient of proportionality, while n stands for a phase shift. Different physical phenomena with a frequency dispersion behavior can be described by CPE. The observed capacitance semicircle depression is an expression of the surface inhomogeneity, which is due to surface roughness, contaminations, active centers distribution, formation of porous layers, inhibitors adsorption, etc. [26, 27, [39] [40] . The phase shift (n) can be used as a measure of the surface inhomogeneity [25] . The quantitative analysis of the impedance data is based on a physical model of an electrochemical corrosion process with hydrogen depolarization and activation control. The proceeding of the electrochemical reaction is presented by the charge transfer resistance through the metal/electrolyte interface (Rct); it corresponds to R1 in Eq.1. The sum of the solution resistances and metal conductors is presented by the ohmic resistance (RΩ), which corresponds to R2. The double electric layer capacitance arising at the interface is represented by CPE, which is a distributed structural element. The following structural model with a single time constant (Fig. 2) is advanced for the processes at the metal/electrolyte interface, in the presence of small SS and SO concentrations, as well as for the whole MTB concentration range. Fig . 1 illustrates the fit of the model parameters to the experimental data. The CPE data (A and n) values provide the capacitance (C) determination [41] :
The relaxation time (τ) of the surface state, i.e. the time required for the charge distribution to return to its equilibrium state (in this case, to its stationary state), following an electric disturbance, is calculated by:
where C is the capacitance, while R is the resistance accompanying the capacitance. The above pointed tables also show the polarization resistance values, ( DC p R ), obtained by the applied direct current polarization (Rp) method. The simple equivalent scheme with a single time constant (Fig. 2) describes the impedance spectra for the whole concentration range in MTB presence. The following changes in the obtained electrochemical parameters were observed with an increase in concentration: (i) Rct value increased, which indicates an improvement in protective properties; (ii) the double layer capacitance value, Cd, (Fcm -2 ) decreased, which is often observed, in the case of organic molecules adsorption onto the metal surface; (iii) nd value also showed a decrease tendency attributed to the increase in the surface inhomogeneity, which, in turn, results from the inhibitor adsorption; (iv) the time of the system relaxation (τ) slightly increased, most probably due to the increase in the adsorbed species amount. Analogous dependences are found with SS and OS low concentrations. This case is described by the structural model presented in Fig. 2 . The same equivalent circuit is also valid for 1 M HCl, in the inhibitor absence [24, 27, 36] . The further increase in SS and SO concentrations leads to the identification of a second time constant in the impedance spectra (τa), connected to the adsorption process. The latter is present, even at lower concentration values in view of Rct value, but τa is a small term, and it is hard to discern from the double layer relaxation time constant (τd). That is why a single time constant is observed in the impedance spectra. The τa value increases with higher concentrations, leading to its separation. This is expressed through the appearance of a second depressed capacitive semicircle at a lower frequency in the complex plane plot. A characteristic change in the phase angle (ϕ ), and the slope of the dependence of the impedance module log|Z|, as a function of the frequency, are outlined in the Bode plot (Figs. 3 and 4) . It is evident that the impedance spectra can not be described by the structural model of Fig. 2 . A new structural model which includes the adsorption process is advanced (Fig. 5) . An additional element was included, while the combination of the adsorption resistance (Ra) and the capacitance was connected in parallel. The depression of the adsorption semicircle required its simulation by CPEa, as well. The correlation between the parameters values, determined on the ground of the transfer function presented in Fig. 5 , and the experimental data are illustrated in Figs. 3 and 4 . Tables 3 and 4 list the values of the model structural elements.
The following dependences are observed with the increase in SS and OS concentrations, in the range of relatively high concentrations, where the second equivalent scheme of Fig 5 is valid: (i) Ra and Rct increased, although the effect of the latter was smaller in SS case -this indicates an increased inhibiting effect; (ii) Ca and Cd decreased; (iii) nd value did not change, while that of na decreased, which can be attributed to the great energy dissipation in the adsorption layer; (iv) τd had a low value, which insignificantly changed, while τa had an essentially greater value, showing an increase tendency. The relaxation time of the adsorption layer in OS presence was greater than τa in SS presence (OS was the best inhibitor among those investigated). The total resistances are compared to Rp DC values determined by the Rp method. Rct value was close to that of Rp DC , when the metal/1 M HCl interface + inhibitor was described by the structural model with a single time constant (Fig. 2) . Rct + Ra and DC p R values were compared when the equivalent scheme with two time constants was used. A very good agreement was found. RΩ value was very low, and this is why it was neglected. The inhibiting efficiency, IE (%), was estimated from 
where ,
R is the polarization resistance in the inhibitor's presence, while ,0 DC p R is that in the inhibitor's absence. The IE (%) values were also determined using the impedance data (Rct or Rct + Ra). The values obtained by both methods are presented in Fig. 6 , as a function of the inhibitor's concentration. An increase in the inhibiting effect was observed with higher concentrations. This tendency is better expressed at lower concentrations. It is evident that OS has the best protective properties at all studied concentrations. It is followed by SS. MTB has significantly poorer protective properties, when compared to those of OS and SS. It is clear that this is due to the difference in the molecular structure of the investigated bromides. The three compounds are quaternary ammonium bromides which dissociate in the investigated medium, to give ammonium cations and bromide anions (Br -). We assume an essential Br -contribution to the total protective effect, due to its specific adsorption onto the metal surface, which favors the attraction of cations from the solution (1-2) , and facilitates the adsorption, caused by the attraction of the positive and negative charges present in the layer (2-2). The difference between the IE (%) of the different studied compounds refers to their cationic part. The significantly lower MTB protective properties can be explained by the smaller area of its cationic part. The latter is almost identical for both OS and SS, but there is a difference in their inhibiting properties. It is worth noting that this difference is not as great as that found when comparing it with MTB (Table 1) . It can be suggested that the discussed difference is determined by the substances change undergone in an aqueous acidic medium. The dihydrothiazinium heterocycle was disrupted there, and a mercaptopropyl substituent was introduced into position 3 of the basic OS and SS heterocylcles. Furthermore, two tautomeric forms exist in equilibrium -with oxazole (SOH1) and oxazolone (SOH2) structures, or with thiazole (SSH1) and thiazolone (SSH2) structures, respectively (Schemes 1 and 2). It can be assumed that the considered disruption may not proceed to its completion. Hence, the solution will contain the basic form of SS and OS, together with the dihydrothiazine heterocycle. Most probably, the dynamic equilibrium with the participation of the three compounds' forms in the solution, and the resulting variation in their concentrations, determined the difference in SS and OS inhibiting properties. It can further affect the observed solubility, which is lower for OS than for SS. The situation is rather complex, and it is hard to say which form determines a good inhibiting effect. We assume, at this stage of our investigations, that the researched compounds' inhibiting properties are generally due to their cations physical adsorption, facilitated by the bromide anions on the metal surface.
Conclusions
The frequency dispersion of the interfacial impedance is affected by the concentration and molecular structure of the studied inhibitors. The processes at the mild steel/1 M HCl interface + inhibitor were described by two adequate structural models. The first one provided good correspondence to the data obtained in MTB presence and at low SS and OS concentrations. It contained a charge transfer resistance (Rct), in parallel with the double layer capacitance, which was distributed and modeled by a constant phase element. The processes at the interface with the presence of high SS and OS concentrations were described by a structural model containing two time constants: the first one was connected to the charge transfer and the double layer capacitance, while the second one was attributed to the adsorption process. The time constants values were determined on the ground of the obtained parameters. The highest value of the adsorption time constant was found in OS (τa = 4.4 s) case.
DC p
R values obtained by the independent direct current Rp method were juxtaposed to those of Rct or Rct + Ra, determined by the alternating current impedance method. The results were very close. The IE values were estimated. OS showed the best protective properties among the investigated compounds.
